Abstract-Although the chemical nature of endothelium-derived hyperpolarizing factor (EDHF) remains elusive, electrophysiological evidence exists for electrical communication between smooth muscle cells and endothelial cells suggesting that electrotonic propagation of hyperpolarization may explain the failure to identify a single chemical factor as EDHF. Anatomical evidence for myoendothelial gap junctions, or the sites of electrical coupling, is, however, rare.
C ell-to-cell coupling forms an essential element in the coordination of the vascular response. 1, 2 Anatomically, the sites of electrical coupling between cells of the vascular wall have been said to be gap junctions. 2 Such sites appear as electron-dense pentalaminar regions of Ϸ10 nm in thickness where the separation between membranes of adjacent cells is only Ϸ3 nm. At these regions, members of the connexin family of proteins form channels linking the cytoplasm of adjacent cells for the transport of ions and small molecules. 3 The presence of connexins has been demonstrated in arterial tissue at the light microscope level 4 -6 and with immunoelectron microscopy between cultured rat cardiac myocytes, between cultured aortic smooth muscle cells, between aortic smooth muscle cells, and between aortic endothelial cells. [7] [8] [9] In a number of vessels, it has been suggested that electrical and chemical coupling occurs between smooth muscle cells and underlying endothelial cells. 10 -12 Although the movement of dyes and current between smooth muscle cells and endothelial cells 10, 11, 13 has been cited as demonstrating myoendothelial coupling through gap junctions, 2,12 the ultrastructural evidence that all or any myoendothelial junctions are gap junctions is confined to one publication in the rabbit carotid artery. 14 Reports that are commonly cited as demonstrating gap junctions between smooth muscle cells and endothelial cells, 15, 16 in fact, do not provide ultrastructural evidence for a pentalaminar structure, 17 nor do they provide quantification of such features. Furthermore, unlike the situation for gap junctions between vascular smooth muscle cells and between vascular endothelial cells, no ultrastructural studies have demonstrated connexins at the myoendothelial gap junctions. 1, 2, 11, 13, 18 The lack of ultrastructural evidence for myoendothelial gap junctions mentioned above may reflect their small size and the consequent low probability of being sampled in ultrastructural studies using random section techniques. 1, 17, 19, 20 Mechanisms mediating agonist actions vary widely between vascular beds and also between different vessels in the same bed. 21, 22 Vasodilator mechanisms, in particular, appear to vary between vascular beds in the degree of involvement of different endothelial-derived factors. [23] [24] [25] [26] In the mesenteric arterial bed of the rat, for example, Shimokawa et al 27 have provided evidence that the importance of endotheliumderived hyperpolarizing factor (EDHF), compared with that of nitric oxide, in endothelium-dependent relaxations increased as vessel size decreased. At present, there are many candidates for an EDHF 12,28 -31 (see also References 24 and 32 through 34 for reviews), but there is little agreement as to its nature in resistance vessels such as those of the mesentery. 32, 33, [35] [36] [37] Physiological evidence of a role for myoendothelial gap junctions in the actions of EDHF in mesenteric arteries and arterioles has been provided from studies that used the putative gap junction uncoupling agents 18␣-and 18␤-glycyrrhetinic acid and Gap 27 peptide. 12,18,31,38 -40 Given that myoendothelial gap junctions would provide the sites for the electrotonic conduction of a hyperpolarization from the endothelial cells to the smooth muscle cells, 23 there may be no need to propose a chemical identity for EDHF. 41 Alternatively, myoendothelial gap junctions may represent the sites for the transfer of a chemical factor that results in hyperpolarization of the adjacent smooth muscle, or there may be a combination of electrical and chemical mechanisms that involve myoendothelial gap junctions, as well as other chemical factors. Whatever the case, what is needed is anatomical evidence for the occurrence of myoendothelial gap junctions and their incidence in vascular beds where vasodilatory mechanisms have been studied.
Morphological variation in the vascular wall has been observed between vascular beds, as well as between immature and adult animals. 1, [42] [43] [44] [45] [46] Previous studies of the distribution of close myoendothelial associations in selected vascular beds using random section methods have suggested that there may be an inverse correlation between the number of such associations and arterial diameter. 45, 46 It should be noted, however, that these myoendothelial associations were not gap junctions, but rather were regions where the membranes of the adjacent cells were separated by an electron lucent space of Ϸ20 nm with no evidence of an intervening basal lamina. Such regions would not be expected to serve as conduits for the propagation of electrical signals, although they may theoretically represent a potential pathway for the passage of chemical signals.
In the present study, we have used serial-section electron microscopy to address the question of the existence and size of myoendothelial gap junctions and to investigate the prevalence of such junctions in proximal and distal mesenteric arteries of the rat where changes in the relative importance of nitric oxide and EDHF have been previously described. 27 
Materials and Methods

Animals and Tissue Preparation
Three Wistar Kyoto rats aged 4 to 5 weeks postnatal, of either sex, were killed with an overdose of ether anesthetic, and the mesenteric arterial tree supplying a short segment of the ileum was rapidly removed into Krebs solution. The arterial tree was pinned flat on Sylgard (Sylgard 184; Dow Corning) in a small petri dish and immediately immersion-fixed in 2% paraformaldehyde and 1% glutaraldehyde in 0.1 mmol/L sodium cacodylate with 2 mmol/L CaCl 2 ⅐6H 2 O, pH 7.4, at 37°C for 2 hours and then overnight at room temperature. Tissues were then postfixed in 2% osmium tetroxide in 0.1 mmol/L sodium cacodylate buffer for 1 hour, stained with saturated aqueous uranyl acetate for 2 hours, and embedded in Araldite 502 according to conventional procedures.
These experiments were carried out under the guidelines of the National Health and Medical Research Council of Australia code of practice for the care and use of animals for scientific purposes, with protocols approved by the Animal Experimentation and Ethics Committee of the Australian National University, Australian Capital Territory, Australia.
Serial-Section Electron Microscopy and Reconstruction
Fifty transverse serial sections (one segment totaling Ϸ5 m of vessel, each from a different animal; Figure 1 ) of the proximal mesenteric artery, taken as the first-order branch from the superior mesenteric artery, and the distal mesenteric artery, taken as the third-order branch of the superior mesenteric artery, were cut from three animals. These segments were selected to be large enough to effectively sample several smooth muscle cells in each area examined. Low-magnification micrographs (ϫ2500) of the central section of each series were taken on plate film on a Hitachi 7100 transmission electron microscope, and the vessel circumference was estimated as the length of the internal elastic lamina. The numbers of myoendothelial gap junctions with characteristic pentalaminar membrane structure were noted throughout the series. These counts were repeated by a separate observer to avoid bias. All myoendothelial gap junctions were followed through serial sections and photographed on plate film at high power (ϫ20 000 to ϫ60 000).
Reconstruction was performed using the microcomputer imaging device hardware and software system (MCID, version 3.0, Imaging Research, Canada). Photographed myoendothelial gap junction profiles and their surrounding endothelial and smooth muscle cell regions were digitized from contact prints using an HP Scanjet 4C flatbed scanner, at a resolution of 500 dots per inch. Estimates of gap junction surface area were obtained from the reconstructed images using the MCID system.
To demonstrate that the preparative conditions were conducive to the preservation of myoendothelial gap junctions, endothelial cellto-endothelial cell gap junctions were noted in each section of the three series. Four such associations were photographed through serial sections at ϫ20 000 to ϫ50 000 and reconstructed as above.
Statistical Analysis
Results are expressed as meanϮSEM. Statistical significance was tested using Student's t test, and a P value Ͻ 0.05 was taken as significant. 
Results
The relationship between the morphological arrangement of the smooth muscle and endothelial cells to the area of vessel sampled is shown to scale in Figure 1 for the proximal mesenteric vessels. The dimensions and shape of the smooth muscle cells and endothelial cells were based on published values, 42 and our own unpublished results. The distal mesenteric vessels were chosen to be the third-order vessels and, as such, were significantly smaller than the proximal vessels (Table) and within the range quoted for distal vessels by Shimokawa et al. 27 Therefore, the 5-m segment sampled in the distal vessels would be expected to contain fewer smooth muscle cells than would the same length of segment from the proximal vessels. For example, for a spindle-shaped smooth muscle cell with a length of 75 m and width of 3.8 m, the approximate surface area facing the endothelial cell surface is 240 m 2 (using the MCID system). Thus, in the proximal arteries, the average area sampled of 2493Ϯ325 m 2 would represent 10.4 smooth muscle cells whereas in the distal arteries the average area sampled of 1813Ϯ105 m 2 would represent 7.5 muscle cells.
Proximal mesenteric arteries had 5 to 6 smooth muscle cells in their media (Figure 2a) , whereas distal mesenteric arteries had 3 to 4 smooth muscle cells in their media ( Figure  2b ). The average vessel circumference at the level of the internal elastic lamina, the total number of myoendothelial gap junctions in the areas sampled, and the average number of myoendothelial gap junctions present in an area approximating that of a single smooth muscle cell in the proximal and distal mesenteric arteries can be seen in the Table (nϭ3) . Significantly fewer myoendothelial gap junctions per smooth muscle cell were present in proximal compared with distal mesenteric arteries (PϽ0.05; Table) .
Myoendothelial gap junctions were very small. Of the 22 and 41 myoendothelial gap junctions found in the three 5-m-long cylindrical regions of the proximal and distal mesenteric arteries, respectively, 59% and 85% were apparent in only single sections (that is, they were present in a single section Ϸ100-nm thick and were thus Յ100 nm in "width" in that plane of section; Figure 3 ). The largest myoendothelial gap junction observed in the present study had a surface area of 0.08 m 2 ( Figure 3c ). All myoendothelial gap junctions were found on projections arising from the endothelial cells. Reconstruction of myoendothelial gap junctions suggested that there might be two distinct morphological types. The first type was found between the end of a bulbous endothelial cell projection abutting a smooth muscle cell membrane (Figures 3a through 3c and 4d) , and the second type involved a similar endothelial cell projection, except that the bulbous end lay in an indentation of the smooth muscle cell membrane (Figures 3d through 3f) .
Projections of both smooth muscle cells and endothelial cells were commonly found to come into close association with each other in both proximal and distal mesenteric arteries. At these sites, adjacent membranes were separated by 20 to 250 nm, and gap junctions were not found ( Figure  4a ). These structures may point to the dynamic nature of myoendothelial gap junctions as has been described for other gap junctions. 47 Gap junctions between smooth muscle cells were rarely observed, although a systematic serial section examination was not undertaken. On the other hand, endothelial cell-to-endothelial cell gap junctions were present in all sections examined (Figure 4b) . Reconstruction of selected endothelial cell-to-endothelial cell associations (Figure 4c ) showed that such associations were very large compared with myoendothelial gap junctions (mean area of endothelial cell gap junctions was 0.34Ϯ0.06 m 2 ; nϭ4). Endothelial cellto-endothelial cell gap junctions were often found in close proximity to myoendothelial cell gap junctions (Figure 4d) . 
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Discussion
The present study is the first to demonstrate and to quantify definitively the presence of pentalaminar myoendothelial gap junctions in the vasculature. These structures provide the site for electrical communication between endothelial cells and smooth muscle cells, as well as for the transfer of small molecules between adjacent cells. Serial-section electron microscopy and reconstruction techniques have shown that these junctions are very small in area, with the majority being Ͻ100 nm in diameter. The results thus provide an explanation for the lack of previous reports of myoendothelial gap junctions and support the proposition that random-section electron microscopy and freeze-fracture studies are unlikely to be appropriate techniques to demonstrate these structures systematically. In light of this, it is interesting that other studies have suggested that small gap junctions may not readily be detected with standard thin-section ultrastructural techniques. 1, 17, 19, 20 Myoendothelial gap junctions in the mesenteric vascular bed of the rat were significantly more numerous in the smaller-diameter distal compared with the larger-diameter proximal arteries. The results of the present study correlate well with the observations of Shimokawa et al 27 in the same mesenteric vascular bed of the rat, in which the importance of EDHF in acetylcholine-induced relaxations increased as vessel size decreased. The data of the present study may therefore support the hypothesis that there is no need to propose a chemical factor as EDHF, but rather, that hyperpolarizations generated in endothelial cells are electrotonically propagated through the myoendothelial gap junctions to the smooth muscle cells. 12, 13, 18, 39, 40 Alternatively, in view of the evidence in some vascular beds that EDHF is a chemical entity, 23, 24, [32] [33] [34] [35] 37 myoendothelial gap junctions may represent one pathway by which an endothelium-derived chemical factor may influence the adjacent smooth muscle.
In spite of the small size of myoendothelial gap junctions, large gap junctions were frequently found between adjacent endothelial cells. Furthermore, the large endothelial cell gap junctions were commonly found near to the site of a myoendothelial gap junction. On the basis of the arrangement of the cells within the blood vessel wall (see Figure 1 ), Haas and Duling 48 have suggested that endothelial cells form the most favorable pathway for the transmission of electrical signals along blood vessels. The prevalence and large size of the gap junctions seen in the present study between endothelial cells coupled with the paucity of such junctions within the smooth muscle cell layer provide support for this hypothesis. The close relationship between myoendothelial and endothelial gap junctions suggests that myoendothelial gap junctions may also play an important role in the coordination of the vascular response. Whether the pentalaminar membrane structures represent the site of active electrical and chemical communication (see for example, References 3 and 7 through 9) or a later stage in the rapid turnover of free gap junction channels 49 remains to be elucidated.
In the present study, we have shown that there are approximately two myoendothelial gap junctions per smooth muscle cell at the level of the internal elastic lamina in the distal mesenteric vessels. Given the dimensions and anatomical arrangement of the cells in the vessel wall and that there are about three layers of smooth muscle cells in the distal vessels, we estimate that one endothelial cell would be driving 15 to 18 smooth muscle cells. If a myoendothelial gap junction of 100 nm in diameter represents 50 individual gap junctional channels with a total resistance of Ϸ70 M⍀ (based on data from References 50 and 51), and the input resistance of a smooth muscle cell is 10 G⍀, 52 then clearly one myoendothelial gap junction would be sufficient to produce significant voltage changes in the smooth muscle cell layer, provided that the appropriate current source was present in the endothelial cells.
In conclusion, we have shown that myoendothelial gap junctions are present in the mesenteric vascular bed of the rat, that such junctions are very small, and that in this bed their relative incidence is correlated with the relative importance of EDHF as a vascular relaxing factor. These results support the proposition that electrical and/or chemical communication through myoendothelial gap junctions may account for all or part of the responses attributable to EDHF in this vascular bed. 
